The in vivo haploid induction has been widely applied to the maize breeding in recent decades, but it has not been used in the breeding programs in the Republic of Croatia by now. This study's objectives were to examine the haploid induction rates in the Croatian germplasm and to evaluate the properties of the D0 haploids, which are essential for a successful implementation of this method in breeding. The in vivo haploid induction was performed on 11 single-cross hybrids using the Zarodyshevy Marker Krasnodarsky (ZMK) inducer, and colchicine was used as a chromosome doubling agent. Emergence, misclassification rate, colchicine treatment survival, chromosome doubling rate and self-pollination success were examined in the D0 generation. The haploid induction rates ranged from 6.9 to 15.8%, which is consistent with the average induction rates characteristic of the ZMK inducer and the other modern ones. Significant differences were found among the populations of D0 haploids for all tested properties, except for self-pollination success. On average, the misclassification rates were lower, and the seedling survival rates were higher than those reported in other studies, indicating a possibility of a successful application of the doubled haploid method in maize breeding.
INTRODUCTION
Maize (Zea mays L.) is a very important crop in economic terms, and great attention is paid to its breeding with a focus on high yield and grain quality (Galić et al., 2017) . The selection of a source germplasm and breeding methods, together with a careful estimate of a breeder, are very important for the development of maize lines and hybrids. Although the concept of the usage of hybrids in maize breeding is still considered to be one of the greatest achievements in plant breeding, many changes in breeding methods, available tools, and information, as well as in the use of germplasm, have occurred. Traditional methods for inbred lines development require six to ten generations of self-pollination to obtain sufficient homozygosity (Hallauer et al., 2010) . The in vivo haploid induction approach in maize is a newer method for the obtainment of homozygous lines. Because of several advantages compared to the traditional methods of line development, it has been widely applied to the maize breeding and genetics in recent decades, but it has not been used in the breeding programs in the Republic of Croatia by now. The main advantage of the doubled haploid method is an ability to obtain completely homozygous maize lines in only two seasons. Other advantages include a more rapid integra-
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tion of the interest loci and increased usefulness over traditional lines developed (De La Fuente, 2015) .
Since the success of the doubled haploid method depends on a number of factors, of which the choice of a donor material has a great impact (Smith et al., 2008; Bernardo, 2009; Wilde et al., 2010) , it is necessary to examine the suitability of germplasm used in the domestic breeding programs for the application of this method. Thus, this study's objectives were to assess a haploid inducing ability of the Croatian germplasm, to evaluate the haploid induction rate, and to evaluate the properties of the D0 haploids, which are essential for a successful implementation of the doubled haploid method in breeding.
MATERIAL AND METHODS
Eleven single-cross maize hybrids (denoted as genotypes) were chosen as a donor material for an in vivo haploid induction (Table 1) . They contained the parental inbred lines developed at the Agricultural Institute Osijek. The hybrids were crossed to the ZMK inducer, which is homozygous on the R-nj (R-Navajo) allele of the R locus, a dominant anthocyanin color marker expressed in the aleurone of the endosperm and in the scutellum of the embryo (Nanda and Chase, 1966) . R-nj, as a dominant color marker, enables a screening of haploids in the kernel stage (Zhang et al., 2008) . The ZMK inducer is characterized by an average induction rate of 6-8% (Shatskaya, 2010 A haploid kernel selection was made with regard to the mature and dry kernels by a visual inspection of R-nj color marker. The kernels with no expression of anthocyanin coloration in the scutellum but with a typical crown coloration on the endosperm are the putative haploids. The kernels with an expression of anthocyanin in both the endosperm and the scutellum are the diploids, and colorless kernels, if present, are a result of either selfing or contamination due to outcrossing. A frequency of the putative haploids was calculated as a percentage of haploid kernels in relation to all the kernels with an expressed color marker per ear and on average for each hybrid.
Putative haploids were sown in the field to form a D0 generation. In the D0 generation, a visual inspection of the true haploid plants was performed prior to a chromosome doubling treatment with colchicine. The haploid plants were treated by a 0.125-percent colchicine solution with 3% of dimethyl sulfoxide and 0.7% of methyl cellulose in the phases 3-5 of the developed leaves (Zabirova and Shatskaya, 1999). One week subsequent to the colchicine treatment, the haploid plants that survived the treatment were counted. The fertile D0 haploid plants were self-pollinated to derive the doubled haploid (DH) lines, and the ears with a seed set were harvested manually subsequent to their physiological maturity.
The emergence of haploid plants, misclassification rates, colchicine treatment survival, chromosome doubling rates and self-pollination success were examined in the D0 generation. Emergence was determined as a percentage of the number of seedlings in relation to the total number of seeds sown per plot, corrected for the misclassified putative haploids. Misclassification rates were calculated as a ratio of the false positives (hybrids) and the total number of seedlings per plot. A recovery success subsequent to a colchicine treatment was obtained as a ratio of the number of surviving haploid plants and a total number of true haploids per plot. The chromosome doubling rates were calculated as a percentage of haploids that displayed both a male and a female fertility versus a total number of plants surviving the colchicine treatment, while a self pollination success was calculated as a ratio between the number of
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haploids that formed at least one seed and the number of fertile haploids.
The coefficient of variation was calculated for the putative haploid induction rates as a relative indicator of variability. The χ 2 test (p<0.05 and p<0.01) was used to examine a significance of differences among the individual ears of each genotype for the induction rates and among populations for the examined properties in the D0 generation.
RESULTS AND DISCUSSION
A frequency of putative haploids obtained subsequent to an in vivo haploid induction ranged from 6.9% to 15.8% (Table 2 ). This frequency is consistent with the average induction rates characteristic of the ZMK inducer, ranging between 6 and 13% (Shatskaya, 2010) , and other modern inducers (Röber et Probably, the differences in the haploid induction rates among the examined genotypes are partially caused by genetic differences but also to the nongenetic factors, of which the temperature during selfing could have exerted the greatest impact. The genotype dependency of an in vivo system is much lower than the maize-related in vitro haploid systems (Geiger, 2009) Tables 1  and 2 ). We assume that this performance might be a result of a genotype-specific inducibility, but it might be also partially caused by the very high temperatures during the pollination of later genotypes. This may be surmounted by a selection of an inducer that tolerates the dry and high temperature conditions which is essential for adaptation to the expected changes in the precipitation regime, as well as more frequent and intense temperature extremes (Jug et al., 2018) . In addition, an earlier sowing of the later source genotypes should be considered. An alternative approach, proposed by De La Fuente et al. (2018), is to use a germplasm with an improved inducibility for breeding to improve the rates of inducibility in a germplasm that has the low induction rates. A haploid frequency also varied within each genotype, and significant differences were found between the individual ears in the seven examined genotypes ( Table 2 ). Considering that the donor genotypes are genotypically uniform, we assume that these differences were manifested due to the nongenetic influences, such as the weather conditions during pollination, but they could have been also caused by a variability within the inducer itself, knowing that ZMK inducer is not a homozygous line (Shatskaya, 2010) . Significant differences at p<0.01 were found among the populations of the D0 haploids for all the tested properties, except for a self-pollination success in the fertile D0 plants (Table 3 ). The emergence rates were quite low and ranged from 26.4 to 65.6%, which had a significant impact on the final number of DH lines. The haploid plants are more sensitive to the weather conditions in the field and have higher demands for the soil tillering and care treatments than the diploid ones. The weather conditions subsequent to the sowing caused the emergence of a strong crust on the soil surface, having resulted in the low emergence rates and an uneven emergence, which considerably hampered the colchicine treatment of haploids in the optimal growth stage. Since each haploid seed, or any haploid plant, is a potential DH line, such losses need to be minimized.
The misclassification rates of a haploid seed can become a significant problem if the rates are too high and a general guide is that the misclassification rates should be kept below 10% at their very best (De La Fuente et al., 2018). For the specific populations included in the study, only Os 2711 manifested an unacceptable misclassification rate (Table 3) . On average, the misclassification rates were lower than those reported by other authors, usually ranging form 0-45% ( The best recovery subsequent to a colchicine treatment was demonstrated by the haploid plants in the population of Os 2705, while in the Os 2708 population only a half of the haploid plants survived a chromosome doubling treatment. On average, a colchicine treatment survival was 85.7% for all populations (Table 3) . Lower seedling survival rates were observed in other studies, commonly amounting to 60-70% on average (Dang et al., 2012; Battistelli et al., 2013; Jiang et al., 2017) .
The chromosome doubling rates ranged from 8.1-31.1% (Table 3) . Zabirova and Shatskaya (1999) reported a success of chromosome doubling amounting to 25-35% on average, and in some genotypes up to 60%, while other authors achieved significantly lower chromosome doubling rates while using this method in the field conditions. Eder and Chalyk (2002) tested the method in the greenhouse and field conditions. In the greenhouse, 42.4% of the haploid plants produced fertile pollen and 30.5% of them could be selfed, whereas 16.1% of the haploid plants in the field were the male fertile ones, 11.3% of them could be self-pollinated, and 8.1% produced seeds after selfing. Vanous et al. (2017) quoted that the doubling rates usually range between 20-25%. Self-pollination in the D0 generation was the most successful in the population of Os 2703, in which 69.2% of fertile plants produced seed ( Table 3) . The results of this study confirmed the earlier findings by Dang et al. (2012) , according to which the colchicine treated haploid plants, though fertile, are usually weak and have a long anthesis silking interval (ASI), which is a main bottleneck when opting to perform the selfing successfully. Furthermore, colchicine is light-and temperature-sensitive, so it is important to maintain the temperature under 25°C during the colchicine treatment because the higher temperatures may decrease the doubling rates (Barow, 2006) . Finally, the DH deriving rates ranged from 0.8 to 7.8%, expressed as a percentage of the putative haploid
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In order to achieve the higher emergence rates and better selfing results, the haploids of the D0 generation should be sown in a protected area, such as a greenhouse, and then transplanted to the field subsequent to a colchicine treatment. Such an application would facilitate a better and a more equal emergence, thus enabling a colchicine solution application in the optimal growth stage for all the haploid plants, and reduce the stress effects caused by the treatment and a partial condition control during and immediately after the colchicine treatment.
CONCLUSION
The haploid induction rates were consistent with the average induction rates characteristic of the ZMK inducer and other modern inducers, indicating that the examined hybrids were a suitable source material for an in vivo induction. Significant differences were found between the populations of D0 haploids for all the tested properties, except for a self-pollination success. On average, the misclassification rates were lower whereas the seedling survival rates were higher than those reported in other studies. We can conclude that an in vivo haploid induction using the ZMK inducer has a great potential for maize breeding. However, a management of the D0 haploids should be improved to increase efficiency in the DH lines development. seeds that resulted in a DH line (Table 4) . Vanous et al. (2017) noted that the success rates usually range from 8 to 10%. Taking into account that a large number of putative haploids were lost due to the low emergence rates, we also calculated the deriving rates based on a total number of D0 haploids, resulting in 2.2-15.0% of DH lines per population (Table 4) . These results suggest that the low emergence rates had a great impact on the efficiency of the method in total, confirming that the haploids should be sown in the conditions that enable undisturbed emergence.
